ABSTRACT Aflatoxins (AF) are toxic metabolites produced by molds, Aspergillus flavus and Aspergillus parasiticus, which frequently contaminate poultry feed ingredients. Ingestion of AF-contaminated feed by chickens leads to deleterious effects, including decreased bird performance and reduced egg production. Moreover, AF residues in fertilized eggs result in huge economic losses by decreasing embryo viability and hatchability. This study investigated the efficacy of 2 generally recognized as safe phytochemicals, namely carvacrol (CR) and trans-cinnamaldehyde (TC), in protecting chicken embryos from AF-induced toxicity. Dayold embryonated eggs were injected with 50 ng or 75 ng AF with or without 0.1% CR or TC, followed by incubation in an incubator for 18 d. Relative embryo weight, yolk sac weight, tibia weight, tibia length, and mortality were recorded on d 18 of incubation. The effect of phytochemicals and methanol (diluent) on embryo viability was also determined. Each experiment had ten treatments with 15 eggs/treatment (n = 150 eggs/experiment) and each experiment was replicated 3 times. Both phytochemicals significantly decreased AF-induced toxicity in chicken embryos. At 75 ng of AF/egg, CR and TC increased the survival of chicken embryo by ∼55%. Moreover, CR and TC increased relative embryo weight by ∼3.3% and 17% when compared to eggs injected with 50 ng or 75 ng AF, respectively. The growth of embryos (tibia length and weight) was improved in phytochemical-treated embryos compared to those injected with AF alone (P < 0.05). Phytochemical and methanol treatments did not adversely affect embryo survival, and other measured parameters as compared to the negative control (P > 0.05). Results from this study demonstrate that CR and TC could reduce AF-induced toxicity in chicken embryos; however, additional studies are warranted to delineate the mechanistic basis behind this effect.
INTRODUCTION
Aflatoxins (AF) are a group of toxic metabolites of Aspergillus flavus and A. parasiticus, which can frequently contaminate a variety of feed ingredients, including peanuts, corn, and cottonseed Sur and Celik, 2003) . Among the 4 types of AF identified in feed, aflatoxin B1 (AFB1) is one of the most potent hepatocarcinogens, and has been listed as a group I human carcinogen by the International Agency for Research on Cancer (Yunus et al., 2011) .
Contamination of poultry feed with AF is a major concern to the poultry industry, since aflatoxicosis in chickens results in significant economic losses due to poor feed utilization, decreased body weight gain, reduced egg production and increased mortality C 2017 Poultry Science Association Inc. Received March 9, 2017. Accepted June 16, 2017. 1 Corresponding author: kumar.venkitanarayanan@uconn.edu (Qureshi et al., 1998; Tessari et al., 2006; Oguz, 2011) . Once ingested by chickens, AF can accumulate in most of the soft tissues and fat depots of the chicken, and cause hemorrhagic and enlarged liver (Lesson et al., 1995; Bintvihok et al., 2002) . Furthermore, during egg formation, AF residues could be transferred from the laying hens to the fertilized eggs, thereby resulting in decreased embryo viability and hatchability (Qureshi et al., 1998) , and causing several organ malformations (Cilievici et al., 1979) . In addition, the carry-over AF from layer's feed to the embryonated eggs has also been attributed to retarding the development of chicken embryos as well as inhibiting the growth of bone tissue, especially tibia in chickens (Huff et al., 1980; Celik et al., 2000) .
Currently, cost-effective and practical methods to prevent AF-induced embryotoxicity in chickens are currently limited. At present, the inclusion of AF-binding adsorbents in feed is employed to minimize the exposure of the laying hens to AF-contaminated diet thereby 3725 decreasing the carry-over AF residues to the fertilized eggs. However, several adsorbents have been shown to impair nutrient utilization (Chung et al., 1990; Kubena et al., 1993; Scheideler, 1993) and mineral absorption in chickens (Chestnut et al., 1992; Edrington et al., 1997) . Thus, there is a need for an effective strategy to control AF-induced embryotoxicity in chickens.
In the past decade, the use of phytochemicals has gained significant attention due to increasing concern over the safety of synthetic chemicals and emergence of antibiotic-resistant strains of microorganisms (Salamci et al., 2007) . The antifungal and antitoxigenic properties of several plant oils have been identified (Upadhyaya et al., 2014) . Carvacrol (CR) is a major ingredient in oregano oil (Origanum glandulosum), whereas trans-cinnamaldehyde (TC) is a principal component in cinnamon bark (Cinnamomum zeylandicum). Both of these compounds are classified as generally recognized as safe (GRAS) for addition in food products by the U.S. Food and Drug Administration (Adams et al., 2004; Higueras et al., 2013) Previous studies conducted in our laboratory demonstrated that in-feed supplementation of CR and TC significantly decreased aflatoxicosis in broiler chickens by protecting the liver of the birds when exposed to AFcontaminated diet (Yin et al., 2015) . As a follow up, the present study was conducted to investigate whether CR and TC could also exert protective effects against AFinduced toxicity to chicken embryos. However, due to the lack of information about the transfer rate of these phytochemicals supplemented in the feed from laying hens to fertilized eggs, we used a fertilized egg model in this study. The fertilized egg model with in ovo AFB1 injections has been widely used to determine the sensitivity of the chicken embryo to this toxin (Celik et al., 2000; Oznurlu et al., 2012) . Thus, this study determined the efficacy of CR and TC in protecting chicken embryos from AF-induced toxicity by injecting the AFB1 with or without phytochemicals to fertilized eggs.
MATERIALS AND METHODS

Experimental Designs
Pure aflatoxin B1 (AFB1, 20 μg/mL in 100% methanol, catalogue no. CRM44647, Sigma-Aldrich, St. Louis, MO) was diluted with sterile double-distilled water to obtain final concentrations of 50 ng/20 μL or 75 ng/20 μL of AFB1 in 20% methanol. The final concentration of methanol in each egg was ∼ 0.8%/egg. The AFB1 concentration of the solutions was measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit (AgraQuant total Aflatoxin, catalogue no. CAKAQ 1100, Romer Labs, Union, MO). To prepare the phytochemical treatments, CR or TC (99% purity, catalogue no. W224502 and W228605, Sigma-Aldrich, St. Louis, MO) was added to the aforementioned solution containing 50 ng or 75 ng of AFB1 to obtain a final concentration at 0.1% of CR or TC in the 20 μL injection volume.
Freshly laid fertile eggs from single-comb White Leghorn layer chickens (Lohmann LSL-Lite, Lohmann Tierzucht GmbH, Am Seedeich 9-11, 27,472 Cuxhaven, Germany) were procured from the University of Connecticut poultry farm. The various treatments used in this study included (1) Negative control (eggs with no injection), (2) 0.1% CR control (eggs injected with 0.1% CR), (3) 0.1% TC control (eggs injected with 0.1% TC), (4) Methanol control (eggs injected with 20% methanol), (5) AF 50 ng (eggs injected with 50 ng AFB1), (6) AF 75 ng (eggs injected with 75 ng AFB1), (7) AF 50 ng + 0.1% CR (eggs injected with 50 ng AFB1 and 0.1% CR), (8) AF 50 ng + 0.1% TC (eggs injected with 50 ng AFB1 and 0.1% TC), (9) AF 75 ng + 0.1% CR (eggs injected with 75 ng AFB1 and 0.1% CR), (10) AF 75 ng + 0.1% TC (eggs injected with 75 ng AFB1 and 0.1% TC). Following the treatments, eggs were incubated by placing in an incubator (catalogue no. 2362 N hova-bator, GQF Manufacturing Company Inc., Savannah, GA) at 37.8
• C and 65% relative humidity, with eggs being turned through 45 o every 15 min during incubation. The concentration of CR and TC was selected based on a preliminary study that did not cause significant toxicity and mortality in chicken embryos when compared to untreated eggs during 18 d of incubation.
In total, 150 fertile eggs were used for each study, and the study was repeated 3 times. The eggs were divided into 10 groups with 15 eggs per group and the treatments were applied just prior to placing the eggs in the incubator (Celik et al., 2000; Oznurlu et al., 2012) . To inject the eggs, 20 μL of each aforementioned treatment solution was injected into the air space on the blunt end of the egg using pipettes with sterile tips (Celik et al., 2000) . After injection, the hole was immediately sealed with melted paraffin (Oznurlu et al., 2012) . The injected eggs were incubated for 18 d.
Effect of Phytochemicals on the Growth of Embryo when Exposed to AFB1
On d 18 of incubation, eggs containing developing embryos from each treatment group were individually weighed using a digital balance (sensitivity g ± 0.01, catalogue no. 01-919-370, Fisher Scientific Co., Fair Lawn, NJ). The eggs were opened, and the weights of the yolk sac and embryo were recorded for each egg individually. The developmental stage and abnormalities of each embryo were determined according to the Hamburger-Hamilton stages (Hamburger and Hamilton, 1951) . Data of eggs that were infertile or contained dead embryos on d 18 of incubation were not included. The mean relative embryo weight and relative yolk sac weight of each group were calculated using the equations as provided below:
Relative embryo 
Effect of Phytochemicals on the Development of Tibia in Chicken Embryo when Exposed to AFB1
Tibia from each embryo was removed, cleared of muscle and connective tissues, and weighed. Absolute tibia weight and tibia length was measured using a digital caliper (sensitivity: mm ± 0.01). In addition, tibia weight was also expressed as relative tibia weight [(tibia weight on d 18/embryo weight on d 18 × 100%)].
Statistical Analysis
Each experiment had ten treatments with 15 eggs/treatment and each experiment was replicated 3 times (n = 45 eggs/3 experiments). Since similar results were obtained throughout 3 experiments, the data from the 3 experiments were pooled for statistical analysis (Brunström et al., 1991) . A completely randomized design was used and egg was the experimental unit. The relative yolk sac weight, embryo weight, tibia weight, and tibia length were analyzed using a generalized linear model of the PROC-GENMODE procedure of the statistical analysis software (SAS, version 9.2; SAS Institute Inc., Cary, NC). The model fitted AF concentrations and phytochemical concentrations as fixed effects. Differences among the means were detected with a Pvalue < 0.05, using Fisher's least significance difference (LSD). Table 1 shows the mortality rate of embryos from all the treatment groups used in this study. In control groups (negative, methanol, CR, and TC controls), mortalities ranged from 4 to 9% with no developmental abnormalities observed. The morphology of the embryos was examined according to the HamburgerHamilton standard (Nahimey et al., 2003; Papaconstantinou et al., 2003) and no developmental abnormalities of the embryos from any of the treatments were observed. Mortality rate in eggs injected with 50 ng AFB1 was 16%; however, a significantly greater mortality of 68% was recorded when the eggs were exposed to 75 ng AFB1. Both phytochemicals at 0.1% significantly reduced embryo mortality to 38% in the presence of 75 ng AFB1 (P < 0.05).
RESULTS
Effect of Phytochemicals on Embryo Mortality when Exposed to AFB1
Effect of Phytochemicals on Embryo Weight and Yolk sac Weight when Exposed to AFB1
The relative embryo weight and relative yolk sac weight during 18 d incubation were calculated as the percentage of the whole eggs on d 18, and the results of all treatments and controls are depicted in Figures 1a and b. Results revealed that eggs injected with the negative controls (methanol, 0.1% CR, and 0.1% TC) did not significantly affect the relative embryo weight and relative yolk sac weight when compared with the non-injected control (P > 0.05). Eggs injected with 50 ng AFB1 demonstrated significantly lowered relative embryo weight as compared to the un-injected control (P < 0.05). Although no significant difference in the relative embryo weights between AF 50 group and AF 50 + 0.1% CR groups (P > 0.05) was observed, eggs treated with 0.1% TC in the presence of 50 ng AFB1 demonstrated greater relative embryo weights compared to those injected with 50 ng AFB1/egg alone (Figures 1a and 3) . Relative yolk sac weight of eggs injected with 50 ng AFB1/egg was found to be significantly increased as compared to the un-injected control (P < 0.05). In addition, 0.1% TC significantly decreased the relative yolk sac weight of eggs treated with 50 ng AFB1. However, as the AFB1 concentration increased to 75 ng/egg, no difference in relative yolk sac weights was observed between eggs injected with AFB1 and AFB1+phytochemical (P > 0.05).
Effect of Phytochemicals on Embryo Tibia Length and Weight when Exposed to AFB1
The effects of phytochemicals on tibia development in embryos exposed to AFB1 are shown in Figure 2a , b, and c. Results revealed that both average relative and the absolute tibia weight of AFB1-injected embryos decreased in a dose-dependent manner in comparison to controls (P < 0.05). However, CR and TC significantly increased the absolute tibia weight in embryos injected with 75 ng AFB1 as compared to embryos exposed to AFB1 75 ng alone (P < 0.05). Moreover, injection of 0.1% CR and TC in the presence of 50 ng AFB1 significantly increased the embryo tibia length by 14% as compared to the AF50 group.
DISCUSSION
Aflatoxins frequently contaminate chicken feed ingredients, causing aflatoxicosis in birds and resulting in decreased growth performance and increased susceptibility to infectious diseases. In addition, the transfer of AF from hens to eggs not only poses a threat to public health, but the residual AF can deleteriously affect embryo viability and hatchability, and potentially result in organ malfunctions (Cilievici et al., 1979; Qureshi et al., 1998; Sur et al., 2011) . Thus, effective methods to protect fertilized eggs from aflatoxicosis are critical for the sustainability of the poultry industry.
Jakobson and Wiseman (1974) detected 44 ng AFB1 in the eggs when the laying hens received 400 μg/kg dietary AFB1 for 9 d. To further examine the embryotoxicity of AF to chickens, previous studies using a chicken embryo model with in ovo AFB1 injections have reported that the development of chicken embryos was adversely affected in the presence of 10 to 100 ng of AFB1/egg (Celik et al., 2000; Oznurlu et al., 2012) . Therefore, in the present study, we investigated the efficacy of CR and TC in protecting chicken embryos from AFB1 toxicity at 2 concentrations, namely 50 ng AFB1/egg or 75 ng AFB1/egg. Our results revealed that the higher dose of AFB1 caused significant embryonic mortality (68%), whereas 50 ng AFB1/egg only resulted in 16% mortality (Table 1. ) Additionally, the presence of 0.1% CR or TC significantly reduced the mortality rate to 14% or 13% and 38% when embryos were exposed to 50 ng or 75 ng AFB1/egg, respectively.
One of the major effects of aflatoxicosis on birds is decreased body weight, which directly affects the profitability of the poultry industry. Aflatoxin B1 is known to cause inhibition of RNA and DNA synthesis, thereby consequently reducing protein synthesis, which ultimately reduces growth (Hatch, 1988; Khlangwiset et al., 2011) . As expected, egg injection with 50 ng or 75 ng of AFB1 significantly decreased the relative embryo weight compared to controls (Figure 1a) . However, both phytochemicals improved the embryo weight despite exposure to AFB1, suggesting the potential protective effect of CR and TC to AFB1-injected embryos (Figure 3) .
Additionally, egg yolk is the main energy source for the developing embryo, which supplies more than 90% of the total energy requirements of the embryo by oxidation of yolk lipids (Speake et al., 1998; Réhault-Godbert et al., 2014) . The yolk sac is an external embryonic tissue that surrounds the yolk, and absorbs, digests, and transports nutrients during incubation of the chicken embryo (Yadgary et al., 2014) . Moreover, yolk sac and yolk content are essential for supporting the development of the embryo during the entire phase of embryogenesis (Speake et al., 1998; Yalcin et al., 2008) . In the present study, we found a significant increase of relative yolk sac weight in eggs injected with 50 ng AFB1 compared to controls, which indicates reduced development of the embryos in the toxin-treated eggs. This concurs with our embryo weight data (Figure 1a) , which revealed that the relative embryo weights were significantly reduced in AFB1-injected eggs.
Aflatoxin B1 has also been reported to inhibit the development and growth of bone tissue in chickens, resulting in the retardation of the skeleton system development, especially the tibia (Huff et al., 1980) . In the present study, 50 ng and 75 ng of AFB1/egg significantly reduced absolute tibia weight and tibia length as compared to the negative controls (P < 0.05) (Figure 2b and c) . Supplementation of 0.1% CR or TC in the presence of 50 ng AFB1/egg significantly improved the tibia length as compared to embryos injected with AFB1 alone (P < 0.05). However, the protective effects of CR and TC on the embryos did not persist when the AFB1 level was increased to 75 ng/egg, where no significant improvement in tibia length was observed in the presence of 0.1% CR or 0.1% TC as compared to controls (Figure 2c.) .
The toxic effects of AFB1 are well documented (Moudgil et al., 2013; Bahey et al., 2015) , where several studies have confirmed that AFB1 is metabolized to a more active form, AFB1-2, 3 epoxide, by cytochrome P450 family enzymes in the liver. This active compound avidly binds to N-guanine in DNA, and is shown to mediate cytotoxic, carcinogenic, and mutagenic effects (Eaton and Gallagher, 1994; Oznurlu et al., 2012) . Although there is scanty information about the detoxification mechanisms of early embryonic cells, studies have shown that chicken embryos obtain the ability of detoxification shortly after the development of liver by d 5 to d 6 of incubation, (Hamilton and Bloom, 1986; Zhao and Duncan, 2005) . The mechanism(s) of the protective effects of phytochemicals to AF-induced toxicity to chicken embryos have not yet been documented; however, Abdel-Aziem et al. (2014), while evaluating the hepatoprotective effect of thyme leave extracts (contains CR) on AF-induced oxidative stress, genotoxicity, and alteration of p53 and bal gene expressions in rats, observed that animals treated with the extracts showed a significant decrease in oxidative damage markers, micronucleated cells, DNA fragmentation, and modulation of the expression of pro-apoptotic genes. Thus, the reduced AF toxicity observed in the chicken embryos could potentially be attributed to the protective effects of the phytochemicals in the liver. In addition, the results of this study showed that TC significantly reduced mortality of embryos treated with 50 ng AFB1/egg as compared to the untreated control, and when the AFB1 concentration increased to 75 ng/egg, the protective effect of CR and TC was significantly increased (Table 1) . Although mechanisms behind the enhanced protective effects of these phytochemicals against AF-induced mortality in chicken embryos exposed to the higher concentration of AFB1 are not clear, it may be because that AFB1 at 75 ng/egg caused significantly higher mortality (68%) compared to the 50 ng/egg (16%); therefore, the protective effect of the phytochemicals was more significant at the level of 75 ng AFB1/egg. However, more in-depth molecular investigations need to be performed to elucidate the protective mechanisms of the phytochemicals.
Previously, TC has been supplemented to chicken feed to reduce the colonization of Salmonella Enteritidis in chickens without deleteriously affecting feed intake and body weight of birds (Kollanoor-Johny et al., 2012) . Similarly, CR has also been used as a feed additive to decrease Campylobacter jejuni carriage in chickens (Arsi et al., 2014) . These findings suggest that CR and TC, especially due to their lipophilic nature, could be mixed with other feed ingredients in a poultry ration. In addition, previous studies conducted in our laboratory demonstrated that in-feed supplementation of CR and TC significantly decreased aflatoxicosis in broiler chickens fed with AFcontaminated diet (Yin et al., 2015) . Therefore, in the current study, a fertilized egg model with in ovo injection was used to evaluate the potential protective effects of CR and TC on chicken embryos injected with AFB1. Results indicated that CR and TC decreased AF-induced embryotoxicity by improving the embryo size and the survivability of the embryos. In future, studies will be conducted to determine the transfer ratio of these phytochemicals from the laying hens to the fertilized eggs when supplemented in the feed. Moreover, future studies using an in vivo chicken model are required to validate the results of the present study by investigating the efficacy of in-feed supplementation of CR and TC for reducing aflatoxicosis in laying hens and the progeny chicks.
